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Abstract

Objective C-reactive protein-triglyceride-glucose index (CTI) has been proposed as a novel biomarker for insulin
resistance and inflammation. However, the association between CTl and the risk of stroke, particularly in individuals
with different glycemic status, remains unclear.

Methods A total of 10,443 middle-aged and elderly participants were enrolled from the China Health and Retirement
Longitudinal Study (CHARLS). The primary endpoint was the occurrence of stroke events. The CTl was calculated using
the formula 0.412% Ln (CRP [mg/L]) +Ln (TG [mg/dl1 x FPG [mg/dl])/2. The Kaplan—Meier curves, Cox proportional
hazard models, and restricted cubic spline analysis were applied to explore the association between CTl and the risk
of stroke according to gender, age and glycemic status.

Results During a median follow-up of 9 years, 960 (9.2%) participants experienced a stroke. Our findings revealed a
significant positive linear relationship between CTl and the occurrence of stroke. The association was similar between
male and female, despite the HR tended to be higher in females (HR 1.22,95% Cl 1.09, 1.36) than males (HR 1.15, 95%
C11.02,1.29), and similar in middle-aged (HR 1.25,95% Cl 1.11, 1.41) and elderly participants (HR 1.12,95% Cl 1.00,
1.26). In different glycemic status, high levels of CTl were found to be linked to an increased risk of stroke in individuals
with normal glucose regulation (NGR) (HR 1.33,95% CI 1.11, 1.59) and prediabetes mellitus (Pre-DM) (HR 1.20, 95% Cl
1.04, 1.39). However, this association was not observed in individuals with diabetes mellitus (DM).

Conclusions Our findings revealed a significant positive linear relationship between CTl and the occurrence of
stroke. The association between CTl and stroke was similar between male and female, and similar in middle-aged and
elderly participants. In different glycemic status, the association was significant in individuals with NGR and Pre-DM.
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The HR value of CTI and stroke risk

What is currently known about this topic? CTl has been proposed as a novel biomarker for insulin resistance and

inflammation.

What is the key research question? What is the relationship between CTl and stroke risk under different genders,

ages, and glycemic status?

What is new? This is the first large-scale study to demonstrate this relationship between the CTl and stroke risk, and
assessed this relationship according to gender, ages and glycemic status.

How might this study influence clinical practice? Our research findings demonstrate a significant positive
linear relationship between CTl and the incidence of stroke. To reduce the risk of stroke, different strategies must be
adopted to manage CTl levels based on gender, age, and glycemic status.
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Introduction
Stroke remains a leading cause of mortality and long-term
disability on a global scale, placing a significant burden
on public health systems [1, 2]. The risk of stroke in the
Chinese population ranks first in the world, with over 2
million new cases annually [3]. Despite advances in pre-
vention and treatment, stroke incidence continues to rise
[4, 5]. According to recent data covering the period from
2010 to 2017, the prevalence of stroke has increased by
19.3%, and about 7 to 18% of strokes are related to carotid
atherosclerosis [6—8]. Therefore, identifying modifiable
risk factors and executing effective preventive measures
are crucial for primary stroke prevention.

Insulin resistance refers to the weakening of the physi-
ological effect of insulin in the body, which is a com-
mon pathological mechanism of a variety of metabolic

related diseases, and is closely related to the occurrence
and development of atherosclerosis [9-11]. Insulin resis-
tance can lead to atherosclerosis and stroke by promoting
inflammation, oxidative stress and damaging endothe-
lial cell function [12—-14]. The triglyceride glucose (TyG)
index was first proposed in 2008, as a reliable biomarker
of insulin resistance, it has been widely used in clinic
[15, 16]. More and more evidence indicated that there
is a significant correlation between TyG index and ath-
erosclerosis, stroke and the poor prognosis of cardio-
vascular disease [17-20]. In addition, inflammation is
also considered to be an extremely important risk factor
for stroke [21]. Inflammation can significantly increase
the occurrence of stroke by promoting atherosclerosis,
damaging vascular endothelial function and increas-
ing thrombosis [22, 23]. C-reactive protein (CRP), as a
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non-specific inflammatory marker, is closely related to
the risk of stroke and has become a promising biomarker
for stroke risk assessment [24, 25]. Atherosclerosis is
the key risk factor of stroke, and insulin resistance and
vascular inflammation are the key driving factors of its
pathogenesis [26, 27]. Therefore, it is very important to
develop a comprehensive index reflecting insulin resis-
tance and inflammation as a tool for predicting stroke.
C-reactive protein-triglyceride glucose index (CTI) was
first proposed by Ruan et al. [28], which comprehensively
reflected inflammation and IR, and then it was widely
used in clinical research. CTI has demonstrated strong
predictive value for the prognosis of patients experi-
encing cancer cachexia, cancer mortality in the general
population, and the incidence of coronary heart disease
[29-31]. However, the association between CTI and the
risk of stroke, particularly in individuals with different
glycemic status, remains unclear.

To address these critical research gaps, we analyzed the
data of the China Health and Retirement Longitudinal
Study (CHARLS), aiming to explore the complex rela-
tionship between CTI and the risk of stroke under differ-
ent glucose metabolic states, and provide more evidence
for the practical application of CTI in the real world.

Methods

Study design

The data for this study is derived from the CHARLS, a
national longitudinal survey employing a multi-level
stratified sampling method. The first national baseline
survey (Wave 1) was conducted in 2011, gathering infor-
mation from 17,708 middle-aged and elderly participants

Total participants from CHARLS(Wave 1)
(N=17708)
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across 28 provinces, 150 regions, and 450 villages in
China. Standardized questionnaires were utilized to
gather essential information from all participants. Sub-
sequently, follow-up visits will be conducted every
2-3 years to monitor their health status. We did not con-
duct any interviews for this analysis. To date, five waves
of surveys have been completed, conducted in 2011,
2013, 2015, 2018, and 2020, and we used the data from
these five Waves. The research methods and data collec-
tion procedures for the implementation of CHARLS have
been recorded in detail in the literature [32].The Ethics
Committee of Peking University approved the CHARLS
study, and all participants signed informed consent
forms.

Study population

The participant screening process for this study is illus-
trated in Fig. 1. Initially, the dataset comprised 17,708
participants identified during Wave 1, which served as
the baseline. We excluded 6072 participants due to miss-
ing information regarding CRP at baseline. Additionally,
28 participants were removed for not providing data on
fasting plasma glucose (FPG) and triglycerides (TG) in
Wave 1. Furthermore, 104 participants were excluded
due to the unavailability of hemoglobin Alc (HbAlc)
data in Wave 1. Moreover, 357 participants were removed
for not disclosing their age or for being under the age of
45 in Wave 1. Lastly, 732 participants were excluded due
to a history of stroke, missing stroke data, or loss to fol-
low-up. Consequently, a total of 7265 participants were
excluded, resulting in 10,443 participants remaining in
the final cohort of this study.

Included in this study

7265 participants were excluded

(1) Participants with missing information on CRP in Wave 1(N=6044)

(2) Participants with missing FPG or TG in Wave 1(N=28)

(3) Participants with missing HbAlc information in Wave 1(N=104)

(4) Participants with age < 45 years old or missing data on age in
Wave 1(N=357)

(5) Participants with history of stroke, missing stroke data, or loss to
follow-up(N=732)

(N=10443)
Quartile 1 Quartile 2 Quartile 3 Quartile 4
(N=2610) (N=2611) (N=2612) (N=2610)

Fig. 1 Flow chart of the study population
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Calculation of CTI

The CTI index was obtained by using the following for-
mula [28]: CTI=0.412xLn (CRP [mg/L])+Ln (TG [mg/
dl] x FPG [mg/dl])/2.

Assessment of incident stroke

The primary objective of this study was to evaluate the
incidence of stroke, which was assessed by asking the
critical question: “Have you ever been diagnosed with
a stroke by a physician?” The stroke onset period was
defined as the interval between the last interview and the
one in which the stroke was first recorded [33, 34].

Assessments of covariates

The baseline data for the participants was meticulously
collected by trained interviewers using structured ques-
tionnaires. (1): Demographic and lifestyle data: This sec-
tion includes gender, age, residence, education level,
marital status, smoking status, and drinking status. (2)
Body measurements: The measurements recorded con-
sist of height, weight, body mass index (BMI), as well as
systolic and diastolic blood pressure (SBP and DBP). (3)
Information on Disease and medication history: This
encompasses information regarding existing conditions
such as heart disease, hypertension, diabetes, and dys-
lipidemia, along with details about medications taken
for hypertension, dyslipidemia, and diabetes. (4) Labo-
ratory test data: The laboratory data collected includes
FPG, total cholesterol (TC), TG, high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), and HbAlc.

Definitions

Hypertension was defined by meeting one of the follow-
ing criteria: (1) SBP>140 mmHg, (2) DBP>90 mmHg,
(3) self-reported hypertension diagnosed by a physi-
cian, (4) taking antihypertensive medications. DM was
defined by meeting at least one of the following crite-
ria: (1) FPG=126 mg/dL, or (2) HbAlc>6.5%, (3) and/
or current use of antidiabetic medications, (4) and/or
self-reported diabetes diagnosed by a doctor. Pre-DM
was characterized by an FPG of 100 to 125 mg/dL or an
HbA1lc of 5.7-6.4%. NGR was defined as FPG <100 mg/
dL and HbA1c<5.7% [35]. Dyslipidemia was identified
by TG =150 mg/dL, TC=240 mg/dL, HDL-C <40 mg/dL,
LDL-C>160 mg/dL, current use of lipid-lowering drugs,
or self-reported dyslipidemia diagnosed by a physician.

Statistical analysis

The extent of missing data in this study is detailed in
Table S1. To address the issue of missing values and miti-
gate potential bias, we utilized multiple imputations.
For quantitative variables that follow a normal distribu-
tion, results are presented as means and standard errors.
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Differences between groups are assessed using analysis of
variance (ANOVA). For quantitative variables that do not
conform to a normal distribution, we provide the median
and interquartile range, evaluating differences among
groups with the Kruskal-Wallis test. Categorical vari-
ables are described using counts and percentages, with
statistical evaluations conducted using the Chi-square
test.

Participants were stratified into four groups accord-
ing to the quartiles of the CTIL Quartile (Q)1<8.16;
8.16<Q2<8.68; 8.68<Q3<9.27; Q4>9.27. The CTI was
also assessed as a continuous variable to enhance the
robustness of the findings. Kaplan—Meier curves and
log-rank tests were employed to evaluate the incidence
of stroke. To investigate potential collinearity between
the CTI and other covariates, tolerance values and vari-
ance inflation factors (VIFs) were examined. The analy-
sis indicated that the VIFs for TC (VIF=15.70) and
LDL-C (VIF =13.37) exceeded a value of 5, which led to
their exclusion from the multivariate model (Table S2).
The association between the CTI and stroke incidence
was investigated using Cox regression models. Three
distinct models were developed to facilitate a com-
prehensive analysis: Model 1 was unadjusted; Model 2
included adjustments for gender, age, residence, mari-
tal status, education level, smoking status, and drinking
status; and Model 3 contained additional adjustments
for hypertension, dyslipidemia, heart disease, hyperten-
sion medications, dyslipidemia medications, BMI, SBP
and DBP. Additionally, a fully adjusted restricted cubic
splines (RCS) analysis was performed to explore the
dose-response relationship between the CTI and the risk
of stroke. The receiver operating characteristics (ROC)
curves were established to assess the predictive value
of CTI, CRP and TyG index on the incidence of stroke.
The area under the ROC curve (AUC) was used to evalu-
ate the incremental effect of CTI. Furthermore, we also
assessed the relationship between the CTI and stroke risk
across different genders, ages, and glycemic statuses (cat-
egorized as NGR, Pre-DM, and DM).

Subgroup analyses were conducted to evaluate whether
the impact of the CTI on the incidence of stroke varied
among different demographic groups. These analyses
were stratified by several factors, including gender, age
(45-60 years and>60 vyears), smoking status, drink-
ing status, hypertension, dyslipidemia, and BMI (BMI
categorized as follows: <24, 24-28, and>28 kg/m?). To
enhance the reliability of our findings, we carried out
four robust sensitivity analyses. Firstly, we reanalyzed
the dataset after removing all missing values. Secondly,
non-fasting participants were excluded from the dataset
before conducting further analyses. Thirdly, we removed
all deceased participants and conducted a reanalysis.
Fourthly, we conducted piecewise Cox regression model
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to explore the relationship between CTI and stroke
risk. Fifthly, we also used Logistic regression model to
explore the relationship between CTI and stroke inci-
dence. Finally, we calculated the E-value to quantify the
minimum strength of association that an unmeasured
confounder would require with both CTI and stroke risk
to explain away the observed associations. The calcula-
tion method of E-value was as follows: E=RR +sqrt{RR
x (RR-1)} [36]. All statistical analyses were conducted
using R version 4.2.2, with P <0.05, which was considered
statistically significant.

Results

Population characteristics

The study included 10,443 participants from the
CHARLS. The average age of participants was
59.13+9.31 years, and 4892 (46.8%) were male. Among
them, there were 4122 (39.5%) patients with NGR, 4636
(44.4%) patients with Pre-DM, and 1685 (16.1%) patients
with DM. Additionally, individuals with higher quartiles
of the CTI were more likely female, urban residents,
never smokers, and tended to have hypertension, dia-
betes, dyslipidemia and heart disease than those with
lower quartiles of the CTI. For body measurements and
laboratory test, higher CTI quartiles were associated with
increased Weight, BMI, SBP, DBP, FPG, TC, and TG.
In contrast, higher quartiles of the CTI were associated
with lower levels of HDL-C. The demographic and clini-
cal characteristics of all patients were shown in Table 1.
A comparison of baseline characteristics between partici-
pants included and those who were not excluded in the
analysis was shown in Table S3.

Association between the CTl and the risk of stroke

During an average follow-up period of 9 years, 960 (9.2%)
participants experienced their first stroke. The incidence
of stroke increased progressively from Q1 to Q4, with 156
(6.0%) in Q1, 208 (8.0%) in Q2, 275 (10.5%) in Q3, and
321 (12.3%) in Q4, respectively. Analysis of the Kaplan—
Meier cumulative incidence curve revealed a gradual
increase in stroke events from the Q1 to Q4 groups, with
statistically significant difference observed (log-rank test
P<0.001, Fig. 2A). The association between CTI and inci-
dent stroke was explored using Cox proportional hazards
regression models. After adjust the potential confounding
variables (Model 3), per 1-unit increase in CTI was asso-
ciated with a 19% higher risk of stroke (HR 1.19, 95% CI
1.09, 1.29), which was higher than the 1% increased risk
for CRP (HR 1.01, 95% CI 1.00, 1.02) and higher than the
17% increased risk for TyG index (HR 1.17, 95% CI 1.05,
1.30) (Table 2) (Table S4) Additionally, compared to Q1,
stroke risk increased with higher CTI levels, with HRs
of 1.24 (95% CI 1.00, 1.53), 1.48 (95% CI 1.20, 1.82), and
1.55 (95% CI 1.25, 1.92) for Q2, Q3, and Q4, respectively
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(Table 2). Furthermore, the RCS analysis revealed a sig-
nificant positive linear relationship between CTI and the
occurrence of stroke events in total participants (Fig. 3A).
The highest quartile HR were 1.30 for CRP (HR 1.30,
95% CI 1.08, 1.57) and 1.43 for TyG index (HR 1.43, 95%
CI 1.14, 1.79), both lower than CTTs highest quartile
HR of 1.55 (HR 1.55, 95% CI 1.25, 1.92) (Table S4). The
ROC curves indicated that baseline CTI had the highest
diagnostic efficacy of stroke incidence (AUC 0.587, 95%
CI 0.569, 0.606), followed by CRP (AUC: 0.565, 95% CI
0.547, 0.584), and TyG index (AUC: 0.567, 95% CI 0.549,
0.586) (Fig. S1). These findings suggest that CTI may be
a more effective predictor for stroke risk stratification
than CRP and TyG index. Further research suggests that
higher cumulative CTTI levels are associated with higher
stroke incidence (Fig. S2) (Table S5).

Regardless of gender, this relationship remained statis-
tically significant after adjusting for variables. As shown
in Table 3, the HR tended to be higher in females (HR
1.22, 95% CI 1.09, 1.36) than males (HR 1.15, 95% CI
1.02, 1.29). Interaction analysis showed that there was
no interaction between CTI and stroke in group of gen-
der (P for interaction=0.617). Therefore, the association
between CTI and stroke was similar between male and
female. Moreover, the RCS analysis revealed a significant
linear relationship between CTI and the occurrence of
stroke events both in males and females (Fig. 3B and C).

As shown in Table 4, the CTI was significantly associ-
ated with stroke risk at different ages after adjusting for
variables. The HR value of middle-aged (45-60 years
old) participants (HR 1.25, 95% CI 1.11, 1.41) was higher
than that of elderly (> 60 years old) participants (HR 1.12,
95% CI 1.00, 1.26). Interaction analysis showed that there
was no interaction between CTI and stroke in group of
age (P for interaction=0.132). Therefore, the association
between CTI and stroke was similar between male and
female. Moreover, the RCS analysis revealed a significant
linear relationship between CTI and the occurrence of
stroke events both in middle-aged and elderly partici-
pants (Fig. 4A and B). Regardless of gender and age, CTI
is related to the increased risk of stroke, and this relation-
ship remains stable even after multi-factor adjustment.

Association between the CTl and stroke risk according to
glycemic status

During the follow-up period, 317(7.7%) participants
with NGR, 440(9.5%) participants with Pre-DM and
203(12.0%) participants with DM were detected with
the first stroke. The Kaplan—Meier curves showed a sig-
nificant difference in the cumulative incidence of stroke
among NGR and Pre-DM and across the four CTI
groups (all log-rank test P<0.001, Fig. 2B and C), while
no significant difference was observed for DM (log-rank
test P=0.267, Fig. 2D). As shown in Table 5, the results
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Table 1 Patient demographics and baseline characteristics

Characteristic CTl quartiles p
Overall Q1 Q2 Q3 Q4
No. of subjects 10,443 2,610 2,611 2,612 2,610
Gender <0.001
Male 4,892 (46.8%) 1,308 (50.1%) 1,254 (48.0%) 1,177 (45.1%) 1,153 (44.2%)
Female 5,551 (53.2%) 1,302 (49.9%) 1,357 (52.0%) 1,435 (54.9%) 1,457 (55.8%)
Age, year 59.13+£9.31 58.01+£9.18 59.36+937 59.69+9.33 5948+9.26 <0.001
Residence <0.001
Rural 6,710 (64.3%) 1,813 (69.5%) 1,762 (67.5%) 1,618 (61.9%) 1,517 (58.1%)
Urban 3,733 (35.7%) 797 (30.5%) 849 (32.5%) 994 (38.1%) 1,093 (41.9%)
Marital status 0.227
Marred 9,208 (88.2%) 2,319 (88.9%) 2,311 (88.5%) 2,275 (87.1%) 2,303 (88.2%)
Other 1,235 (11.8%) 291 (11.1%) 300 (11.5%) 337 (12.9%) 307 (11.8%)
Education level 0.297
No formal education 4,949 (47 4%) 1,224 (46.9%) 1,272 (48.7%) 1,250 (47.9%) 1,203 (46.1%)
Primary school 2,249 (21.5%) 571 (21.9%) 583 (22.3%) 538 (20.6%) 557 (21.3%)
Middle school 2,123 (20.3%) 542 (20.8%) 488 (18.7%) 538 (20.6%) 555 (21.3%)
High school or above 1,122 (10.7%) 273 (10.5%) 268 (10.3%) 286 (10.9%) 295 (11.3%)
Smoking status <0.001
Never 6,550 (62.7%) 1,608 (61.6%) 1,622 (62.1%) 1,654 (63.3%) 1,666 (63.8%)
Former 855 (8.2%) 181 (6.9%) 209 (8.0%) 217 (8.3%) 248 (9.5%)
Current 3,038 (29.1%) 821 (31.5%) 780 (29.9%) 741 (28.4%) 696 (26.7%)
Drinking status 0.002
Never 6,383 (61.1%) 1,521 (58.3%) 1,583 (60.6%) 1,649 (63.1%) 1,630 (62.5%)
Former 834 (8.0%) 199 (7.6%) 215 (8.2%) 211 (8.1%) 209 (8.0%)
Current 3,226 (30.9%) 890 (34.1%) 813 (31.1%) 752 (28.8%) 771 (29.5%)
Hypertension 5,150 (49.3%) 1,011 (38.7%) 1,182 (45.3%) 1,362 (52.1%) 1,595 (61.1%) <0.001
Diabetes 1,685 (16.1%) 114 (4.4%) 213 (8.2%) 391 (15.0%) 967 (37.0%) <0.001
Dyslipidemia 5,056 (48. 4%) 471 (18.0%) 860 (32.9%) 1,497 (57.3%) 2,228 (85.4%) <0.001
Heart disease 1,261 (12.1%) 236 (9.0%) 262 (10.0%) 337 (12.9%) 426 (16.3%) <0.001
Hypertension medications 2,007 (192%) 301 (11.5%) 371 (14.2%) 584 (22.4%) 751 (28.8%) <0.001
Diabetes medications 400 (3.8%) 32(1.2%) 52 (2.0%) 81(3.1%) 235 (9.0%) <0.001
Dyslipidemia medications 507 (4.9%) 54 (2.1%) 88 (3.4%) 132 (5.1%) 233 (8.9%) <0.001
Height, m 1.58+0.09 1.58+0.08 1.58+0.09 1.58+0.09 1.58+0.08 0.019
Weight, kg 5893+11.01 5547+9.63 57.22+10.14 59.95+11.09 63.09+11.53 <0.001
BMI, kg/m2 2345(21.19,25.71) 22.03(20.20,23.74) 2296 (20.85,24.83) 24.16(21.86,26.14)  25.20(22.85,27.48) <0.001
SBP. mmhg 13043+19.87 125.79+19.01 128.68+19.22 132.01+19.84 13524+20.12 <0.001
DBP, mmhg 7580+11.23 7348+11.10 74.75+11.04 76.68+11.05 7830+11.12 <0.001
CRP, mg/dl 1.03 (0.55,2.15) 048 (0.34,0.74) 0.82(0.53,1.39) 1.34(0.79, 243) 2.55(1.34,5.49) <0.001
FPG, mg/dl 10242 (9450, 113.40)  96.12(89.10, 100.26 (9342, 103.50 (96.12, 114.66 (102.96, <0.001
103.50) 107.64) 113.04) 139.14)
TC, mg/dl 193.45+38.70 182.34+33.62 190.20+34.93 195.15+37.18 206.10+44.31 <0.001
TG, mg/dl 106.20 (75.22, 155.76) 66.38 (53.99,80.54) 96.46 (77.88, 127.44 (100.00, 199.13 (143.37, <0.001
115.93) 157.53) 277.89)
HDL-C, mg/dl 51.11+£1537 60.22+15.02 54.09+13.69 4894+13.24 41.20£12.72 <0.001
LDL-C, mg/dl 116.07+3543 110.63+£29.24 11843+31.85 121173442 114.05+43.64 <0.001
HbA1c, % 5.10 (4.90, 5.40) 5.00 (4.80, 5.30) 5.10(4.90, 5.30) 5.10 (4.90, 5.40) 5.30(5.00, 5.80) <0.001
GMS <0.001
NGR 4,122 (39.5%) 1,572 (60.2%) 1,215 (46.5%) 896 (34.3%) 439 (16.8%)
Pre-DM 4,636 (44.4%) 924 (35.4%) 1,183 (45.3%) 1,325 (50.7%) 1,204 (46.1%)

DM 1,685 (16.1%) 114 (4.4%) 213 (8.2%) 391 (15.0%) 967 (37.0%)
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Fig. 2 The Kaplan-Meier curves analysis depict the cumulative incidence
of stroke across the CTl index quartiles. A total participants; B participants
with NGR; C participants with Pre-DM, D and participants with DM
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revealed a significant association between CTI and stroke
risk in individuals with NGR and Pre-DM in Model 3.
However, no significant difference was found in indi-
viduals with DM (all P>0.05). Specifically, per 1 unit
increment in CTI was associated with a 33% increase
in the risk of stroke in individuals with NGR (HR 1.33,
95% CI 1.11, 1.59), and per 1 unit increment in CTI was
linked with a 20% increase in the risk of stroke in indi-
viduals with Pre-DM (HR 1.20, 95% CI 1.04, 1.39). The
RCS analysis indicated a significant nonlinear relation-
ship between the CTI and stroke events in individuals
with NGR (Fig. 5A), and a significant linear relationship
was observer in individuals with Pre-DM (Fig. 5B). Con-
versely, the analysis did not reveal a significant dose—
response correlation between CTI and the risk of stroke
in individuals with DM (Fig. 5C).

As shown in Table 6, in female participants, there was
a significant association between CTI and stroke risk in
individuals with NGR (HR 1.55, 95% CI 1.20, 1.99) and
Pre-DM (HR 1.24, 95% CI 1.00, 1.53), and no significant
difference was observed in individuals with DM. How-
ever, in male participants, when CTI is analyzed as a
continuous variable, no significant difference was found
in individuals with NGR, Pre-DM, and DM (all P> 0.05).
However, when CTI is analyzed as a classified variable,
the risk of stroke was significantly higher in Q4 (HR 1.67,
95% CI 1.00, 2.78) compared to Q1, but insignificantly
increased in Q2 (HR 1.05, 95% CI 0.62, 1.78), and Q3 (HR
1.46, 95% CI 0.89, 2.40).

As shown in Table 7, in middle-aged participants, there
was a significant association between CTI and stroke risk
in participants with NGR (HR 1.46, 95% CI 1.11, 1.91)
and Pre-DM (HR 1.44, 95% CI 1.16, 1.80), and no sig-
nificant difference was observed in participants with DM.
However, in elderly participants, no significant difference
was found in individuals with NGR, Pre-DM, and DM
(all P>0.05) .

Subgroup analysis

To further explore the relationship between CTI and
stroke risk, subgroup analysis was carried out. The
results revealed that elevated CTI levels were consistent
across different subgroups, including never and current
smokers, never and current drinkers, and BMI<24 and
BMI =28, regardless of gender, age, residence, hyperten-
sion, and dyslipidemia. Notably, a significant interaction
was observed between the CTI and dyslipidemia status
(P for interaction=0.015)(Fig. 6). The RCS analysis indi-
cated a significant linear relationship between the CTI
and the risk of stroke in individuals with and without
dyslipidemia (Fig. S3 and S4).
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Table 2 Association between the CTl and stroke incidence
Characteristic Event, n Model 1 Model 2 Model 3

HR 95%ClI p HR 95%Cl p HR 95%Cl p
CTl (per 1 unit) 960 136 1.27,1.46 <0.001 135 1.26,1.45 <0.001 1.19 1.09,1.29 <0.001
CTl quartile
Q1 156 Ref Ref Ref
Q2 208 134 1.09, 1.65 0.005 1.30 1.06, 1.61 0.012 1.24 1.00,1.53 0.046
Q3 275 1.80 148,219 <0.001 1.75 144,213 <0.001 1.48 1.20,1.82 <0.001
Q4 321 2.14 1.76,2.59 <0.001 2.08 1.71,2.52 <0.001 1.55 1.25,1.92 <0.001
P for trend <0.001 <0.001 <0.001

HR Hazard Ratio, C/ Confidence Interval

Model 1: unadjusted for any covariates

Model 2: adjusted for gender, age, residence, marital status, education level, smoking status, and drinking status

Model 3: adjusted for gender, age, residence, marital status, education level, smoking status, drinking status, hypertension, dyslipidemia, heart disease, hypertension

medications, dyslipidemia medications, SBP, DBP, and BMI

Sensitivity analysis

To assess the robustness of the findings, we conducted
multiple sensitivity analyses. Firstly, the results did not
materially change after excluding all missing data (Table
S6, S7, S8, and S9). Secondly, when we removed all non-
fasting participants and reanalyzed the results, our con-
clusions did not alter (Table S10, S11, S12, and S13).
Thirdly, when we removed all deceased participants and
reanalyzed, there was no substantial change in the results
(Table S14, S15, S16, S17, and S18). Fourthly, the piece-
wise Cox regression model analysis have demonstrated
the stability of the results (Table S19). Fifthly, when using
Logistic regression models, the results remain stable
(Table S20, S21, S22, and S23). Furthermore, the E-value
for CTI was calculated based on Model 3, revealing a
E-value of 1.67. The E-values suggest that relatively large
unmeasured confounding effects could account for the
observed hazard ratios.

Discussion

This is the first large-scale study to reveal a significant
association between CTI and stroke risk, and assessed
this relationship according to gender, age, and glycemic
status. Our findings revealed a significant positive linear
relationship between CTI and the occurrence of stroke.
The association was similar between male and female,
and similar in middle-aged and elderly participants. In
different glycemic status, high levels of CTI were found
to be linked to an increased risk of stroke in individuals
with NGR and Pre-DM. However, this association was
not observed in individuals with diabetes mellitus (DM).
This study shows that CTI may be a reliable biomarker
for stroke risk stratification.

CTI, developed by Ruan et al. [28], serves as a signifi-
cant tool for the prognostic evaluation of cancer patients.
This index synthesizes CRP, a recognized biomarker of
inflammation, and TyG index, a biomarker of insulin
resistance. Existing literature has established a connec-
tion between elevated levels of the TyG index and an

increased risk of stroke [37]. Specifically, findings from
Huo et al, utilizing the CHARLS database, indicate that
a higher baseline TyG index is linked to a greater stroke
risk [38]. Additionally, Wu et al. found that changes in the
TyG index are significantly correlated with stroke inci-
dence. Individuals who consistently maintain a high TyG
index and have poor management of their levels face an
elevated stroke risk [18]. Furthermore, Zhou et al. carried
out a prospective cohort study involving 44,403 partici-
pants, identifying a significant relationship between the
trajectory of the TyG index and the risk of stroke [39].
The TyG index is therefore recognized not only as a reli-
able indicator for predicting stroke risk within the general
population but also as a pertinent measure for specific
groups, such as non-diabetic individuals, middle-aged
and elderly patients, and those diagnosed with hyper-
tension or coronary heart disease [40—43]. On the other
hand, inflammation is another important risk factor for
stroke. Research conducted by Wang et al. demonstrates
that elevated levels of CRP are independently associated
with adverse outcomes in non-infected patients three
months post-stroke [44]. Furthermore, a comprehen-
sive study involving 8420 patients across ten prospective
investigations established a correlation between higher
CRP levels and an increased risk of stroke recurrence
[25]. Additionally, a Mendelian randomization study has
identified a causal relationship between CRP levels and
stroke incidents [45]. Moreover, the work of Cui et al. has
revealed the co-exposure effect and mutual mediation
of TyG index and CRP on cardiovascular diseases [46].
In our study, regardless of whether CTI is a continuous
variable or a categorical variable, its HR value is always
higher than the HR values of CRP and TyG index. ROC
analysis indicated a trend towards higher stroke pre-
dictive value for CTI compared to CRP and TyG index.
This comprehensive approach can help doctors identify
high-risk patients with stroke risk, so that clinicians can
conduct accurate risk assessment and implement tar-
geted interventions to reduce the incidence of stroke.
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The advantage of using the combined index (CTI) over
the TyG index or CRP alone can be explained in several
ways. Firstly, CTI offers a more comprehensive view of an
individual's health, as the TyG index reflects the potential
risk of insulin resistance, while CRP provides information
about inflammation. Additionally, relying solely on either
TyG or CRP captures only one aspect of potential patho-
logical changes, whereas analyzing multiple indicators
together can highlight differences across several metrics.
Furthermore, there are individual variations in biomarker
levels, with TyG and CRP offering insights into insulin
resistance and inflammatory changes from different per-
spectives. This combined approach enhances the ability
to identify and stratify individuals at higher risk.

In our study, we analyzed data from 10,443 participants
included in the CHARLS database. The findings revealed
a significant correlation between increasing levels of the
CTI and the prevalence of stroke. Furthermore, the RCS
analysis indicated a notable positive linear relationship
between CTI levels and the occurrence of stroke events.
To reduce the incidence of stroke among middle-aged
and elderly individuals, it is recommended that clini-
cians strive to lower CTI levels as much as possible. Our
research also demonstrated that the association between
CTTI and stroke risk was similar across both genders, and
the HR appeared to be higher in females. Previous lit-
erature has shown that males generally exhibit a greater
stroke risk than females [47]. However, hyperglycemia
and hyperinsulinemia caused by insulin resistance may
reverse this gender-based protection, and the correlation
between women and HOMA-IR is stronger than that of
men [48]. Notably, the 2015 Greater Cincinnati Northern
Kentucky Stroke Study (GCNKSS) reported that for the
first time, the stroke case fatality rate in women exceeded
that of men [49]. Therefore, to effectively mitigate stroke
risk, clinicians should prioritize monitoring CTI lev-
els in females. Additionally, as middle-aged individuals
demonstrate higher HR values in comparison to older
adults, it is critical to focus on the CTI levels within this
demographic. We further conducted a stratified analy-
sis of CTI and stroke risk under different glycemic sta-
tuses, and the results showed that CTI was significantly
correlated with stroke risk in individuals with NGR and
Pre-DM. However, this association was not observed
in individuals with DM. Additionally, the RCS revealed
a significant nonlinear relationship between CTI and
stroke events in the NGR population, while a significant
linear relationship was noted among individuals with
Pre-DM. These results suggest that clinicians should aim
to maintain CTI within an appropriate range for individ-
uals with NGR and strive to reduce CTI levels in those
with Pre-DM to mitigate the risk of stroke. In our cur-
rent analysis, we have failed to observe a significant cor-
relation between CTI level and the reduction of stroke

Page 9 of 21

- 15
Total P-overall = <0.001

P-nonlinear = 0.090

Juadiad

5

Hazard Ratio (95% Cl)

0.5+

0.0+ o

CTI

204 Male

P-overall = 0.027
P-nonlinear = 0.139

Juadiad

5

Hazard Ratio (95% Cl)
5
1

0.5+

0.0+ o

(3]}

Female P-overall = 0.001

2.0 P-nonlinear = 0.078

Hazard Ratio (95% Cl)
juadiad

0.0 o

CTI
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lipidemia medications, SBP, DBP, and BMI

risk in patients with DM. There is no significant correla-
tion between CTI and stroke risk in patients with DM,
which may be explained by several factors. Firstly, CTI
may not adequately reflect individual differences among
DM patients, leading to a more significant stroke pre-
diction in NGR and Pre-DM patients compared to DM
groups [50]. Secondly, the metabolic disorder associated
with DM may elevate stroke risk through alternative
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Gender Characteristic Event, n Model 1 Model 2 Model 3
HR 95%Cl p HR 95%Cl p HR 95%Cl p
Male CTl (per 1 unit) 463 135 122,148 <0.001 1.36 1.23,1.50 <0.001 1.15 1.02,1.29 0.019
Q1 76 Ref Ref Ref
Q2 106 141 1.05,1.89 0.022 138 1.03,1.86 0.031 1.28 0.95,1.72 0.105
Q3 127 1.70 1.28,2.26 <0.001 1.66 1.25,2.21 <0.001 135 1.01,1.82 0.046
Q4 154 211 161,2.78 <0.001 2.10 1.60,2.77 <0.001 145 1.06,1.97 0.019
P for trend <0.001 <0.001 0.025
Female CTl (per 1 unit) 497 138 1.25,1.52 <0.001 133 121,147 <0.001 1.22 1.09,1.36 <0.001
Q1 78 Ref Ref Ref
Q2 100 1.29 0.96,1.74 0.090 1.22 091,1.64 0.193 1.19 0.88,1.60 0.258
Q3 147 1.94 147,2.55 <0.001 1.83 139,241 <0.001 1.67 1.25,2.22 <0.001
Q4 172 2.29 1.75,3.00 <0.001 2.10 1.60,2.75 <0.001 1.76 1.30,2.39 <0.001
P for trend <0.001 <0.001 <0.001

HR Hazard ratio, C/ Confidence interval

Model 1: unadjusted for any covariates

Model 2: adjusted for gender, age, residence, marital status, education level, smoking status, and drinking status

Model 3:adjusted for gender, age, residence, marital status, education level, smoking status, drinking status, hypertension, dyslipidemia, heart disease, hypertension

medications, dyslipidemia medications, SBP, DBP, and BMI

Table 4 Association between the CTl and stroke incidence according to age

Age Characteristic Event, n Model 1 Model 2 Model 3
HR 95%Cl p HR 95%Cl p HR 95%Cl p
Age 45-60 CTl (per 1 unit) 425 1.44 1.31,1.59 <0.001 143 1.29,1.58 <0.001 1.25 111,147 <0.001
Q1 66 Ref Ref Ref
Q2 84 1.28 0.93,1.76 0.136 1.24 0.90, 1.71 0.193 1.19 0.86, 1.65 0.286
Q3 120 1.85 1.37,2.50 <0.001 1.79 1.33,243 <0.001 1.54 1.12,2.11 0.007
Q4 155 244 1.83,3.26 <0.001 2.37 1.77,3.16 <0.001 1.83 131,255 <0.001
P for trend <0.001 <0.001 <0.001
Age=60 CTl (per 1 unit) 535 1.28 1.16,1.40 <0.001 127 1.15,1.40 <0.001 112 1.00,1.26 0.041
Q1 94 Ref Ref Ref
Q2 120 1.29 0.98, 1.69 0.065 131 1.00, 1.71 0.053 1.23 0.94,1.61 0137
Q3 156 1.71 1.32,2.20 <0.001 1.71 1.32,2.21 <0.001 147 112,191 0.005
Q4 165 1.82 141,2.34 <0.001 1.81 140, 2.34 <0.001 137 1.03,1.83 0.028
P for trend <0.001 <0.001 0.020

HR Hazard Ratio, C/ Confidence Interval

Model 1: unadjusted for any covariates

Model 2: adjusted for gender, age, residence, marital status, education level, smoking status, and drinking status

Model 3:adjusted for gender, age, residence, marital status, education level, smoking status, drinking status, hypertension, dyslipidemia, heart disease, hypertension

medications, dyslipidemia medications, SBP, DBP, and BMI

mechanisms, such as microvascular dysfunction, obesity
and hypertension, etc., potentially reaching a saturation
point where CTI does not provide additional predictive
value [51-53]. Moreover, DM is manifested by excessive
pancreatic secretions of the peptide amylin that forms
cytotoxic aggregates deposited in vessel walls, which led
to the occurrence of microvascular complications [54].
Furthermore, there is substantial variability in blood glu-
cose control among individuals with diabetes. The patho-
logical characteristics of poorly controlled diabetes may
differ significantly from those of well-controlled diabetes.
It is estimated that diabetes increases the risk of ischemic
stroke by 2.27 times, and the severity of chronic hyper-
glycemia is directly related to the risk of stroke which

potentially masking the correlation between CTI levels
and stroke risk [14, 55-57]. Therefore, this study empha-
sizes the importance of interfering with CTI levels in
patients according to different glucose metabolism states.

We conducted a comprehensive analysis of the rela-
tionship among gender, age, glycemic status, and the
associated risk of stroke. The findings indicate that the
correlation between CTI and stroke risk demonstrates a
similar pattern in females with NGR and Pre-DM. This
suggests that it is essential to maintain lower CTI lev-
els in female patients, particularly those diagnosed with
NGR and Pre-DM. In male patients with NGR, the risk
of stroke significantly increased in Q4 compared to Q1.
This underscores the necessity of closely monitoring CTI
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Fig. 4 Association of the CTl index and the risk of stroke according to
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levels in male patients with NGR to prevent stroke effec-
tively. Further analysis was conducted on middle-aged
and elder adults with different glycemic statuses. The
results revealed that in middle-aged patients, CTI is sig-
nificantly associated with an increased risk of stroke in
individuals with NGR and Pre-DM. Therefore, it is crucial
to lower CTI levels to reduce the incidence of stroke in
this demographic. Moreover, subgroup analyses revealed
a notable interaction between CTI levels and dyslipid-
emia status. The RCS analysis confirmed a significant lin-
ear relationship between CTT and stroke risk, irrespective
of dyslipidemia. Thus, it is advisable to reduce CTI levels
in individuals with and without dyslipidemia. As far as
we know, this study represents a groundbreaking analysis
to explore the association between CTI and stroke risk
according to gender, age and glycemic status.

Although the specific mechanism of CTI and stroke
risk is still unclear, it may be explained through the fol-
lowing aspects. Firstly, insulin resistance and inflamma-
tion may lead to endothelial dysfunction, reduces nitric
oxide utilization, disrupts normal coagulation, and
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accelerates atherosclerosis, ultimately increasing the risk
of stroke [58—61]. Additionally, inflammation can aggra-
vate insulin resistance, which can release inflammatory
mediators from tissues and further aggravate systemic
inflammatory response. Inflammation and insulin resis-
tance have synergistic effects of mutual promotion and
aggravation, which increases the risk of stroke [62, 63].
Moreover, both inflammation and insulin resistance
compromise the stability of atherosclerotic plaques.
This instability increases the risk of rupture, which can
result in thrombosis and subsequently lead to the occur-
rence of a stroke [64—66]. Furthermore, patients experi-
encing insulin resistance and inflammation often have
other comorbidities, including hypertension, diabetes,
and obesity, all of which are significant risk factors for
stroke [67—71]. Therefore, it is reasonable to assume that
individuals with higher levels of CTI may be undergoing
more severe vascular injury and have a higher incidence
of stroke. Nevertheless, the exact mechanism by which
CTI influences stroke remains unclear and warrants fur-
ther investigation.

This study elucidates the role of CTI in stroke across
gender, age, and glucose metabolic status, thereby com-
bining previous evidence to provide a comprehensive
approach to clinical decision-making. Globally, the num-
ber of patients with stroke is increasing, especially those
with inflammation and insulin resistance who are more
prone to stroke events. Therefore, it is necessary to iden-
tify high-risk patients with stroke in time. In clinical
practice, our findings can guide clinicians to control CTI
within the target range and help prevent stroke.

This research presents several notable advantages.
Firstly, this study explored the correlation between CTI
and the incidence of stroke according to gender, age and
glycemic status for the first time. Secondly, the design of
this research as a prospective, nationwide longitudinal
cohort study, combined with a substantial sample size,
enhances the reliability of our findings. Thirdly, we per-
formed subgroup analyses to assess the consistency of
results across various population characteristics, which
provides valuable insights for clinical practice. Lastly, the
CTl is very easy to obtain, which improves their practical
application in clinic.

It is essential to acknowledge several limitations asso-
ciated with this study. Firstly, stroke diagnoses were
self-reported by participants based on evaluations from
their healthcare providers, which may not accurately cap-
ture the actual incidence of stroke. Nevertheless, prior
validation supports the reliability of these self-reported
stroke events, thereby bolstering their credibility [72, 73].
Secondly, the CHARLS questionnaire lacks classifica-
tion of stroke subtypes, which is also one of the limita-
tions. Thirdly while multivariate adjustments were made
to account for potential confounding factors, it is still
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Table 5 Association between the CTl and stroke incidence according to glucose regulation state
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GMS Characteristic Event, n Model 1 Model 2 Model 3
HR 95%Cl p HR 95%Cl p HR 95%Cl p
NGR CTl (per 1 unit) 317 147 1.25,1.73 <0.001 1.44 1.22,1.69 <0.001 1.33 1.11,1.59 0.002
Q1 53 Ref Ref Ref
Q2 60 1.14 0.79,1.65 0492 1.10 0.76,1.59 0.622 1.07 0.74,1.55 0.722
Q3 95 1.84 131,257 <0.001 1.76 1.25,2.46 0.001 1.64 1.16,2.31 0.005
Q4 109 212 1.53,2.95 <0.001 2.04 147,2.84 <0.001 1.83 1.28,2.61 <0.001
P for trend <0.001 <0.001 <0.001
Pre-DM CTl (per 1 unit) 440 1.39 1.23,1.57 <0.001 1.40 1.23,1.58 <0.001 1.20 1.04,1.39 0.014
Q1 76 Ref Ref Ref
Q2 94 1.24 0.92,1.68 0.161 1.23 091, 1.66 0.181 1.15 0.85,1.56 0379
Q3 124 1.66 1.25,2.21 <0.001 1.69 1.27,2.26 <0.001 1.40 1.04,1.90 0.028
Q4 146 1.99 1.51,2.62 <0.001 2.00 1.51,2.65 <0.001 1.50 1.10,2.06 0.012
P for trend <0.001 <0.001 0.006
DM CTl (per 1 unit) 203 1.17 1.02,1.35 0.021 1.19 1.04,1.37 0.013 1.08 0.92,1.26 0.345
Q1 40 Ref Ref Ref
Q2 51 1.30 0.86, 1.97 0212 127 0.84,1.93 0.255 1.14 0.74,1.74 0.558
Q3 49 1.24 0.82,1.89 0.309 1.23 0.81,1.86 0.342 1.01 0.64,1.59 0.967
Q4 63 1.64 1.10,243 0.015 1.71 1.14,2.55 0.009 1.30 0.83,2.04 0.258
P for trend 0.023 0014 0.328

HR Hazard Ratio, C/ Confidence Interval
Model 1: unadjusted for any covariates

Model 2: adjusted for gender, age, residence, marital status, education level, smoking status, and drinking status

Model 3:adjusted for gender, age, residence, marital status, education level, smoking status, drinking status, hypertension, dyslipidemia, heart disease, hypertension

medications, dyslipidemia medications, SBP, DBP, and BMI

possible that undiscovered confounders may influence
the results. However, the calculated E-value indicates that
our findings are robust, suggesting that unexamined con-
founding factors are unlikely to have a significant impact
on the study’s outcomes. Fourthly, the study does not
consider changes in glycemic status over time, and future
research should consider the dynamic impact of glycemic
status and CTI level over time to more comprehensively
assess this relationship.

Lastly, this study exclusively examines middle-aged and
elderly individuals in China, which may limit the general-
izability of the findings to other populations, and future
research needs to validate the predictive effect of CT1 on
stroke in different populations and clinical environments.
In the future, we can conduct intervention studies to test
whether modifying CTI can reduce the risk of stroke.
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Subgroup Adjusted HR (95% CI)* P value
Overall | e 1.19 (1.09, 1.29) <0.001
Gender i

Male E—O—' 1.15(1.02,1.29) 0.019

Female : —e— 1.22 (1.09, 1.36) 0.001
Age |

45-60 | —e—  125(1.11,1.41) <0.001

>60 e 1.12 (1.00, 1.26) 0.043
Residence i

Rural . 1.15 (1.04,1.27) 0.008

Urban | —e—  1.24(1.08,1.41) 0.002
Smoking status i

Never . 1.25(1.12, 1.38) <0.001

Former I 1.07 (0.83,1.37) 0.605

Current —— 1.10 (0.95, 1.28) 0.209
Drinking status i

Never i —e— 1.25(1.13,1.39) <0.001

Former . : 0.92 (0.70,1.22) 0.558

Current —— 1.16 (1.01,1.34) 0.039
Hypertension i

No :—0— 1.18 (1.02, 1.36) 0.03

Yes pe— 1.19 (1.08, 1.31) 0.001
Dyslipidemia i

No . —e— 1.38(1.18,1.61) <0.001

Yes —e— 1.12(1.02, 1.23) 0.022
BMI i

<24 E—O— 1.16 (1.03,1.31) 0.017

24-28 —— 1.12 (0.97,1.29) 0.132

>28 —e—— 1.28(1.05,1.57) 0.017

I
|
[ T T
07 08 1 12 15
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P for interaction

0.617

0.132

0.67

0.562

0.124

0.953

0.015

0.372

Fig. 6 Subgroup and interaction analyses of the association between CTI and stroke risk. Adjusted for gender, age, residence, marital status, education
level, smoking status, drinking status, hypertension, dyslipidemia, heart disease, hypertension medications, dyslipidemia medications, SBP, DBP, and BMI

risk management strategies for different gender, age, and
glycemic status to prevent patients from developing stroke.

Conclusion

In summary, the results revealed a significant positive lin-  Supplementary Information

ear relationship between CTI and the risk of stroke. The The online version contains supplementary material available at https://doi.or
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